The p38 mitogen-activated protein kinase (MAPK) is a family of serine/threonine protein kinases that play important roles in cellular responses to external stress signals, e.g. UV irradiation. In order to assess the role of p38 MAPK pathway in nucleotide excision repair (NER), the most versatile DNA repair pathway, we determined the efficiency of NER in cells treated with p38 MAPK inhibitor SB203580 and found that p38 MAPK is required for the prompt repair of UV induced DNA damage CPD. We further investigated the possible mechanism through which p38 MAPK regulates NER and found that p38 MAPK mediates UV-induced histone H3 acetylation and chromatin relaxation. Moreover, p38 MAPK also regulates UV-induced DDB2 ubiquitylation and degradation via phosphorylation of the target protein. Finally, our results showed that p38 MAPK is required for the recruitment of NER factors XPC and TFIIH to UV-induced DNA damage sites. We conclude that p38 MAPK regulates chromatin remodeling as well as DDB2 degradation for facilitating NER factor assembly.
The p38 mitogen-activated protein kinase (MAPK) is a family of serine/threonine protein kinases that play important roles in cellular responses to external stress signals, e.g. UV irradiation. In order to assess the role of p38 MAPK pathway in nucleotide excision repair (NER), the most versatile DNA repair pathway, we determined the efficiency of NER in cells treated with p38 MAPK inhibitor SB203580 and found that p38 MAPK is required for the prompt repair of UV induced DNA damage CPD. We further investigated the possible mechanism through which p38 MAPK regulates NER and found that p38 MAPK mediates UV-induced histone H3 acetylation and chromatin relaxation. Moreover, p38 MAPK also regulates UV-induced DDB2 ubiquitylation and degradation via phosphorylation of the target protein. Finally, our results showed that p38 MAPK is required for the recruitment of NER factors XPC and TFIIH to UV-induced DNA damage sites. We conclude that p38 MAPK regulates chromatin remodeling as well as DDB2 degradation for facilitating NER factor assembly.
Living organisms are incessantly exposed to a variety of DNA damaging agents with potentially devastating consequences. To overcome the deleterious effects of such exposures, cells respond with a variety of defensive strategies to eliminate damage and maintain the integrity of their genome. Amongst them, nucleotide excision repair (NER) is the most important repair system that removes UV-induced photolesions, including cyclobutane pyrimidine dimers (CPD) and pyrimidine-pyrimidone (6-4) photoproducts (6-4PP), as well as other bulky DNA adducts caused by different chemical carcinogens (1) . There are two subpathways of NER: global genome NER (GG-NER), which removes lesions from the entire genome, and transcription-coupled NER (TC-NER), which eliminates DNA damage from the transcribed strand of the actively transcribed genes (1;2). The two pathways differ mainly at the initial damage recognition steps. For TC-NER, the lesion is detected by stalled RNA polymerase during transcription (3;4) . Whereas for GG-NER, recognition of DNA lesions depends on specific DNA binding proteins that have high affinity for damaged DNA, e.g. XPC. Evidence from both in vitro and in vivo studies indicates that XPC comes to the damage site at a very early stage and is a critical GG-NER initiator (5;6). Although XPC has remarkable binding capacity to damaged DNA, XPC alone is not sufficient to recognize DNA lesions like CPD occurring deep within the chromatin (7;8) . Another equally important factor, UV-damaged DNA binding (UV-DDB) complex, has emerged as a crucial player in recognizing and processing of CPD in the chromatin context (9;10) . DDB has an inherently high binding ability to DNA lesions, especially to 6-4PP (11) (12) (13) (14) (15) , and its binding to damaged DNA is independent of functional XPC protein suggesting that DDB arrives at the damage site prior to XPC binding (16;17) . Accumulating evidence has suggested that DDB helps recruit XPC to both CPD and 6-4PP and accelerates the repair of these lesions (17;18) . Thus, DDB can be considered as the initial damage recognition factor for UV-induced photolesions. DDB2, which is a subunit of the UV-DDB complex, is shown to undergo ubiquitinmediated proteolysis following UV irradiation (19) (20) (21) and the timely degradation of DDB2 has an important role in the arrival of XPC to the damage site in vivo (22) . Interestingly, in spite of its critical role in detection and repair of UVinduced DNA lesion in cells, DDB2 is not essential for reconstituted in vitro NER suggesting that DDB2 is specifically required for the repair of lesions within chromatin (23) (24) (25) (26) (27) .
Highly condensed nature of the chromatin fiber makes the access to DNA damage difficult for the repair factors and thus inhibitory to damage processing. Therefore, chromatin accessibility is an important feature in the detection and efficient removal of DNA lesions by GG-NER (28;29). Repair of both CPD and 6-4PP is affected by their location and accessibility as their repair is faster in the nucleosome-free and linker regions than in the nucleosome core (30;31) . Earlier studies have also revealed a relationship of NER to UV-induced chromatin accessibility occurring through histone acetylation (32) (33) (34) . It is reported that histone acetylation increases the chromatin accessibility and facilitates NER in mammalian cells. Furthermore, DNA repair synthesis is enhanced in hyperacetylated nucleosome (33;34) . Interestingly, the tumor suppressor protein p53, which enhances GG-NER, is also involved in UV-induced histone H3 and H4 acetylation and chromatin relaxation (35) . Another family of tumor suppressors, ING1 and ING2, are reported to enhance NER through histone acetylation and increased chromatin accessibility in a p53 dependent manner (36) (37) (38) . All these studies suggest that chromatin structure modification is an important parameter in DNA lesion accessibility and consequently efficient NER.
The p38 MAPK, a serine/threonine kinase, is known to play important roles in cellular responses to various external stress signals. It has been shown that p38 MAPK is an important mediator of phosphorylation of histone H3 at serine 10 in response to UV (39) . This phosphorylation is involved in the alteration of chromatin condensation during transcription activation and cell division (40) . Furthermore, p38 MAPK has been found to mediate H3 phosphorylation at serine 10 induced by cisplatin which bind to DNA to form covalent platinum-DNA adduct that are removed by NER (41) . Thus far, no report has attributed the UV-induced acetylation and global chromatin relaxation to the action of p38 MAPK, and it is still not known whether p38 MAPK plays any role in facilitating NER in response to UV.
In the present report, we have studied the function of p38 MAPK in NER in cells exposed to UV irradiation. Our studies indicate that p38 MAPK is involved in UV-induced histone H3 acetylation at lysine 14 and chromatin relaxation. Our results also show that p38 MAPK, by regulating DDB2 degradation and consequently the recruitment of XPC and TFIIH, plays a pivotal role in the removal of UV lesion CPD through NER.
EXPERIMENTAL PROCEDURES
Cell lines and treatments-Normal human fibroblast, OSU-2, were established in our laboratory as described previously (42) . HeLa cells stably transfected with NH 2 -terminal FLAGhemmagglutinin (HA)-tagged DDB2 (HeLa-DDB2) were a gift from Dr. Yoshihiro Nakatani (Dana-Farber Cancer Institute, Boston, MA). These cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum at 37°C in a humidified atmosphere with 5% CO 2 . To study the function of p38 MAPK, cells were pretreated with p38 MAPK inhibitor SB203580 (Calbiochem, San Diego, CA) or DMSO for 30 min before UV irradiation. To measure ubiquitylation of DDB2, HeLa-DDB2 cells were cultured in medium supplemented with MG132 (Calbiochem, San Diego, CA) 30 min before UV treatment. For UV irradiation, the cells were washed twice with PBS, irradiated at varying UV doses, and incubated in appropriate medium for the desired time period. The irradiation was done with a germicidal lamp at a dose rate of 0.8 J/m 2 /s as measured by a Kettering model 65 radiometer (Cole Palmer Instrument, Co., Vernon Hill, IL). In vivo ubiquitylation and phosphorylation detection-DDB2 ubiquitylation and phosphorylation were detected as described before (43) . Briefly, HeLa-DDB2 cells were treated with MG132 (10 μM) 30 min before UV irradiation at 40 J/m 2 and kept in the same medium for indicated time periods. Whole cell lysates were prepared by boiling in SDS lysis buffer (2% SDS, 10% glycerol, 10 mM DTT, 62 mM Tris-HCl, pH 6.8, and protease inhibitor cocktail) for 10 min. After centrifugation, the supernatant was diluted with RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS, and protease inhibitor cocktail) and subjected to immunoprecipitation with anti-FLAG M2 affinity gel (Sigma, St. Louis, MO). The immunoprecipitates were then subjected to Western blotting and detected with antiubiquitin (Santa Cruz Biotechnology, Santa Cruz, CA), anti-phospho-serine, anti-phospho-tyrosine (Cell Signaling Technology, Danvers, MA), and anti-DDB2 antibodies. Western blot analysis of proteins-The proteins were quantified, separated by SDS-PAGE, and the immunoblot analysis was done by using chemiluminescent detection. Phosphorylated MK2, phospho-Akt (S473), and phospho-H3 (S10) were detected by using rabbit polyclonal antibodies purchased from Cell Signaling Technology (Danvers, MA). Phospho-ERK (Santa Cruz Biotechnology) and phosphor-JNK (Promega) antibodies were used to detect the activated ERK and JNK, respectively. Acetyl-H3 (K14), acetyl-H3 (K9, 14), acetyl-H3 (K18) or acetyl-H4 were detected using rabbit polyclonal antibodies purchased from Upstate Biotechnology (Billerica, MA). Rabbit anti-DDB2 antibody was generated in our lab as described before (44) . To serve as a loading control, total lamin B or actin levels in the cell lysates were detected using antilamin B or anti-actin antibody (Santa Cruz Biotechnology). Micrococcal nuclease (MNase) digestion assayCells were trypsinized and resuspended in Hypotonic cell-lysis buffer (10 mM Tris-HCl, pH 8.0, 10 mM MgCl 2 , 1 mM DTT, 25% glycerol, 0.2% NP-40, 0.5 μM Spermidine, 0.15 μM Spermine, and protease inhibitor cocktail). Cells were incubated on ice for 10 min followed by pipetting 10 times to release nuclei and low speed centrifugation. The nuclei were resuspended in 200 µl MNase buffer (10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 and 1 mM CaCl 2 ) and digested with a concentration range of MNase (Sigma, St. Louis, MO) for 5 minutes at room temperature. The reaction was stopped by adding 5× stop solution (0.1 M EDTA, 0.01 M EGTA, pH 8.0). DNA was extracted with phenol/chloroform and 2 μg of DNA was separated on a 2% agarose gel. Quantification of CPD and 6-4PP by immuno-slot blot (ISB) analysis-A non-competitive ISB assay, described earlier (45) , was used to quantify the initial formation of UV-induced CPD or 6-4PP and those remaining in cells after desired time of repair. Briefly, after different treatments, cells were lysed immediately for DNA isolation. Same amount of DNA was loaded on nitrocellulose membranes and the amounts of CPD or 6-4PP were detected with monoclonal anti-CPD TDM-2 or anti-6-4PP 64M-2 antibody (MBL International Corporation, Woburn, MA). Fractionation of cellular proteins-OSU-2 cells were pre-treated with either SB203580 or DMSO for 30 min before UV irradiation at 20 J/m 2 . After further incubation for 30 min, cells were harvested and subjected to cellular protein fractionation procedure as described earlier (46) . Briefly, cytoplasm and nuclei were first separated by suspending cells in hypotonic buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, and protease inhibitor cocktail) and treated with 0.1% Triton X-100. After centrifugation, the supernatant was saved as S, the nuclear pellet was then treated with higher concentration of Triton X-100 (1%) in LS buffer (10 mM Tris-HCl, pH 7.4, 0.2 mM MgCl2, and protease inhibitor cocktail) to remove the nuclear envelope and recover the fraction of nucleoplasmic soluble proteins, designated as TW. The nuclear pellet was further extracted consecutively with increasing concentrations (0.3, 0.5, and 2.0 M) of NaCl in LS buffer to result in supernatant fractions, designated as 0.3, 0.5, and 2.0, respectively. Each protein fraction, corresponding to an equivalent cell number, was loaded on SDS-PAGE and analyzed by immunoblotting with anti-DDB2 antibody. Localized micropore UV irradiation and immunofluorescent staining-OSU-2 cells growing on glass coverslips were pre-treated with either SB203580 or DMSO for 30 min, the cells were then washed with PBS and UV irradiated through a 5 µM isopore polycarbonate filter (Millipore, Bedford, MA) as described previously (47) . The cells were then double stained with rabbit anti-XPC and mouse anti-CPD (TDM-2, MBL International Corporation), or rabbit anti-XPB and mouse anti-CPD, or rabbit-anti-phospho-p38 and mouse anti-CPD antibodies. FITC and Texas Red conjugates of anti-rabbit and anti-mouse IgG were simultaneously used for the detection of primary antibody binding. Fluorescence images were obtained with a Nikon fluorescence microscope E80i (Nikon, Tokyo, Japan) fitted with appropriate filters for FITC and Texas Red. The digital images were then captured with a cooled CCD camera and processed with the help of its SPOT software (Diagnostic Instruments, Sterling Heights, MI).
RESULTS

p38 MAPK is required for optimal repair of UVinduced CPD.
To study the role of p38 MAPK in NER, we inhibited p38 MAPK activity with its specific pharmacological inhibitor, SB203580. This pyridinyl imidazole inhibitor (structure shown in Fig. 1A ) is now extensively used to understand the role of p38 MAPK. It has been shown to selectively inhibit p38 MAPK activity without significantly affecting the activity of other MAP kinases, e.g., JNK and ERK (48) . To determine the inhibition of p38 MAPK activity by SB203580, OSU2 cells or HeLa-DDB2 cells were pre-treated with SB203580 at different concentrations followed by UV irradiation at 20 J/m 2 . Cell lysates were subjected to Western blot analysis using phospho-MK2-specific antibody. MK2, often referred to as MAPK-activated protein kinase-2, is a physiological target of p38 MAPK (49) . Therefore, the phosphorylation of MK2 indicates the activation of p38 MAPK. We found that phospho-MK2 level was markedly elevated after UV irradiation in control DMSO-treated cells. In contrast, cells treated with 10 μM SB203580 exhibited a dramatic reduction of UV induced MK2 activation in both OSU2 (Fig. 1B) and HeLa-DDB2 (Fig. 1C ) cell lines. Importantly, however, drug concentrations below 5 µM exhibited markedly reduced inhibitory effect on p38 MAPK activity ( Fig. 1B and C) . Thus, in this study we used 10 μM SB203580 to effectively suppress UV-induced p38 MAPK activity in both OSU and HeLa-DDB2 cells. At this concentration, we did not observe an evident inhibition of ERK and JNK activities in either OSU2 (Fig. 1E) or HeLa-DDB2 cells (Fig. 1F ). It should be noted that higher concentrations (> 1 μM) of SB203580 are reported to also inhibit the IL-2-stimulated phosphorylation of Akt in T cells independent of p38 MAPK (50) . We tested for this in our system and found that in OSU2 cells UV irradiation at 20 J/m 2 failed to exhibit any elevation of phosphorylated Akt (S473) within 24 h post UV irradiation (Fig. 1D) . Moreover, within a short period of time (30 min) after UV treatment, even higher dose of UV (100 or 200 J/m 2 ) did not induce any activation of Akt (Fig. 1E) . Similarly, in Hela-DDB2 cells, we did not observe the activation of Akt after UV irradiation at 20 or 40 J/m 2 ( Fig. 1F ). More importantly, 10 μM concentration of SB203580 did not have any inhibitory effect on the basal level of phospho-Akt in both OSU2 and HeLa-DDB2 cells (Fig. 1D, E  and F) . Therefore, Akt activity is unlikely a candidate for the effects observed upon 10 μM SB203580 treatment of cell lines in this study.
Next, we tested the effect of modulating p38 MAPK activity on the efficiency of NER. OSU-2 cells were treated with SB203580 or DMSO for 30 min and then UV irradiated at a dose of 10 J/m 2 . Cells were allowed to repair for indicated time periods and analyzed for the activity of p38 MAPK and the removal of UV-induced CPD using ISB analysis with anti-CPD antibody. As shown in Fig. 2A , p38 MAPK activity was successfully inhibited by SB203580 at each time point. When p38 MAPK was inhibited by SB203580, efficiency of NER was severely compromised as reflected by a decreased removal rate of UV-induced CPD (Fig. 2B) . In fact, 8 h after UV treatment, only 55% of CPD remained in control cells in comparison with 87% CPD remaining in cells with suppressed p38 MAPK activity. Similarly, 41% CPD was left in control cells after 24 h repair in contrast to 70% CPD in cells with curtailed p38 MAPK activity. Notably, however, the repair of another UV-induced DNA lesion, 6-4PP, was not affected by inactivation of p38 MAPK (Fig. 2C) . These results indicate that p38 MAPK is required for prompt repair of UVinduced CPD. p38 MAPK affects UV-induced chromatin relaxation and histone acetylation. Upon UV irradiation of cells, p38 MAPK has been reported to phosphorylate histone H3 at Serine 10 (39), indicating its potential role in modulating chromatin remodeling in response to UV treatment. Since repair of DNA damage occurs within highly condensed chromatin fibers, the relaxation of chromatin structure is necessary for the accessibility of damaged DNA to repair proteins (29;51) . Thus, it is reasonable to assume that increased efficiency of NER due to p38 MAPK function results from enhanced chromatin relaxation. To ascertain this possibility, OSU-2 cells were grown in serum-free medium for 48 h before UV treatment to arrest cells in G0/G1 phase. Flow cytometric analysis revealed that following serum starvation 89.4% of the cells were arrested in G0/G1 phase (Fig. 3A, upper panel) compared to 47.6% of cells grown in complete medium (Fig. 3A, lower panel) . The serum-starved growth-arrested cells were pre-treated with SB203580 to inhibit p38 MAPK activity or treated with DMSO as control and then UV irradiated at 200 J/m 2 . After further 30 min incubation, cell nuclei were gently isolated and subjected to digestion with appropriately titrated concentrations of MNase. Among the three different concentrations tested, lower and higher MNase concentrations were unable to clearly distinguish the effect of the inhibitor on nuclease digestibility (Fig. 3B) . In contrast, intermediate MNase concentration (0.5 units/ml) provided easily discernable digestion patterns between unirradiated vs irradiated as well as in absence and presence of the inhibitor. Chromatin relaxation at 30 min after UV irradiation, observed in control cells, was reflected by dramatically increased DNA sensitivity to MNase. However, when p38 MAPK activity was suppressed, UV mediated increased DNA sensitivity to MNase was dramatically reversed. (Fig. 3B) . This result suggests that UV-induced chromatin relaxation is intimately modulated by the activation of p38 MAPK.
Histone acetylation is believed to play an important role in chromatin remodeling during NER process (32) (33) (34) . To assess whether the effect of p38 MAPK on chromatin relaxation is invoked through histone acetylation, growth-arrested OSU-2 cells were pre-treated with SB203580 and then analyzed for the status of histone H3 acetylation immediately after UV irradiation. Fig. 3C shows the H3 acetylation at lysines 9, 14 and 18 by the use of specific anti-AcH3 antibodies. Histone H3 acetylation between p38 MAPK-active and p38 MAPK-inactive cells was essentially unaltered for the lysines 9 and 18. On the other hand, acetylation at H3 lysine 14 showed a prompt increase within 10 minutes of UV treatment and subsequent return to basal levels within 30 minutes. However, upon p38 MAPK inhibition, histone H3 lysine 14 acetylation levels were negligible under both physiological conditions and after UV treatment. It is clear that specific histone acetylation occurring at specific lysine residues after UV irradiation is impaired in the absence of p38 MAPK which could be instrumental in decreased chromatin relaxation and NER. We further tested the effect of SB203580 on UV induced phosphorylation of H3 at serine 10 in growth arrested OSU2 cells. UV induced a dramatic increase of phospho-H3 (S10) in DMSO treated cells, whereas in cells deprived of p38 MAPK activity, phospho-H3 (S10) level remained the same as non-irradiated cells (Fig. 3D) . p38 MAPK participates in UV-induced DDB2 degradation. p38 MAPK is known to regulate degradation of many cellular proteins through their phosphorylation (52) (53) (54) (55) (56) . It is already established that the rapid degradation of DDB2 protein after UV irradiation is critical for efficient GG-NER (22;57) . Whether the degradation of DDB2 is also influenced by the p38 MAPK activity was investigated next in OSU-2 cells pre-treated with SB203580 before irradiation and an in-depth analysis of DDB2 was conducted. As expected, DDB2 levels rapidly decreased in cells UV irradiated at 20 J/m 2 . For example, in control cells, with normal p38 MAPK activity, only negligible amounts of DDB2 were seen at 2 h post-irradiation (Fig. 4A) . However, UV-induced DDB2 degradation was significantly attenuated in cells exposed to p38 MAPK inhibitor SB203580 (Fig.  4A) . The degradation of DDB2 was also assessed in HeLa cell line with ectopically over-expressed FLAG-DDB2 (HeLa-DDB2). In DMSO treated cells, both endogenous and FLAG-tagged DDB2 levels declined as early as 30 min after UV treatment and continued up to 2 h post-irradiation. Once again both endogenous and FLAG-tagged DDB2 degradation was severely compromised by the treatment of cells with SB203580 (Fig. 4B) .
UV-induced DDB2 degradation in cells is known to occur through ubiquitin-proteasome pathways (19) (20) (21) . In order to determine the influence of p38 MAPK on UV-induced DDB2 degradation through ubiquitin-proteasome pathway, we compared the UV-induced DDB2 ubiquitylation in cells with or without functional p38 MAPK activity. HeLa-DDB2 cells were either treated with SB203580 to inhibit p38 MAPK activity or treated with DMSO as control. Subsequently, proteasome inhibitor MG132 was added to the cultures 0.5 h before UV irradiation and maintained in cultures during the period of repair to ensure the detection of ubiquitylated proteins. The cell lysates were immunoprecipitated with anti-FLAG M2 affinity gel and the immunoprecipitates were detected by Western blotting with anti-ubiquitin antibody. As shown in Fig. 4C , UV irradiation enhanced the overall cellular ubiquitylation of DDB2 in the cells with normal p38 MAPK activity. However, upon abolishing p38 MAPK activity by inhibitor treatment, the UV-induced ubiquitylation of DDB2 was significantly decreased. The appearance of poly-ubiquitylated DDB2 bands in MG132 treated cell coincided with the corresponding accumulation of DDB2 in cells. These results indicate that p38 MAPK influences the repair outcome through its effect on UVinduced DDB2 ubiquitylation which is required for the clearance of DDB2 from the damaged chromatin and successful commencement of GG-NER of CPD.
Phosphorylation by protein kinases positively or negatively regulates protein ubiquitylation through various pathways (58) . Because our data demonstrated an involvement of p38 MAPK in UV-induced DDB2 ubiquitylation, we wanted to explore whether DDB2 is also phosphorylated by p38 MAPK. For this, HeLa-DDB2 cells were UV irradiated at 40 J/m 2 and allowed to repair for indicated time periods before immunoprecipitation of FLAG-tagged DDB2 with anti-FLAG M2 affinity gel. The immunoprecipitates were subjected to Western blot analysis with phosphoserine or phospho-tyrosine specific antibodies. As shown in Fig. 4D , overall serine phosphorylation of DDB2 was not influenced by the UV treatment but significantly reduced upon inhibition of p38 MAPK activity. In contrast, tyrosine phosphorylation of DDB2, which has been reported to be regulated by c-Abl tyrosine kinase, did not show any change by irradiation or MAPK inhibition. The data suggests that p38 MAPK is involved in serine phosphorylation of DDB2 which may influence its ubiquitylation following irradiation.
p38 MAPK regulates in vivo recruitment of XPC and TFIIH, but not DDB2, to DNA damage sites.
Since p38 MAPK could help open chromatin structure and promote DDB2 degradation following UV irradiation, and both of them are essential to the subsequent recruitment of critical damage recognition factor XPC, we speculated that XPC recruitment to DNA damage would be compromised in the absence of p38 MAPK activity. To verify this, we analyzed the XPC recruitment by using a local micropore UV irradiation of cells and immunofluorescent staining of DNA damage and NER factors. OSU-2 cells were pre-treated with either SB203580 or DMSO and UV irradiated through a 5 µm pore filter and allowed to repair the damage induced by UV irradiation. Cells were then fixed and subjected to double staining with anti-XPC and anti-CPD antibodies. As shown in Fig. 5A , recruitment of XPC to the antibody marked UVinduced CPD sites was clearly seen as early as 15 min after irradiation of DMSO treated control cells (upper panel). In contrast, cells lacking the functional p38 MAPK show clear CPD foci but fail to show the arrival of XPC to CPD site (lower panel). We also tested the co-localization of TFIIH which is essential for the NER of CPD. As seen with XPC recruitment, TFIIH component XPB was unable to localize to CPD sites in p38 MAPKinactive as compared with p38 MAPK-active cells (Fig. 5B) . These results indicate that effect of p38 MAPK on NER is ultimately through modulating the recruitment of pre-incision NER factors like XPC and TFIIH.
UV-DDB2 has a strong affinity for UV-induced DNA lesions and it is required for XPC recruitment to CPD during GG-NER (17;18). Thus, we wanted to determine whether the recruitment of DDB2 to UV-damaged chromatin is also affected by p38 MAPK-mediated chromatin remodeling. Since our DDB2 antibody cannot work in immunofluorescent assay, we applied another technique which has been established in our laboratory to study the binding of DDB2 to UV-damaged chromatin (46) . This assay is based on translocation of DDB2 protein into tight association with chromatin upon UV irradiation of cells. OSU-2 cells, with and without p38 MAPK inhibitor, were UV irradiated at 20 J/m 2 and further incubated for 30 min to allow repair of CPD lesions. The cellular proteins were fractionated into five components according to the resistance to extraction in different concentrations of detergent and salt. Proteins in each fraction were analyzed by Western blotting using antibody against DDB2. As shown in Fig. 5C , DDB2 was mainly present in the 0.3 M salt fraction in unirradiated control cells (upper panel). At 30 min after UV irradiation, DDB2 was only detected in the 2 M salt fraction, indicating translocation and a tighter association of DDB2 with chromatin containing DNA lesions. Interestingly, an identical pattern of DDB2 distribution in different fractions of unirradiated and irradiated cells was observed in cultures exposed to SB203580. This data indicated that p38 MAPK inactivation has no effect on the recognition and binding of DDB2 to UV-induced damage. Since p38 MAPK inactivation inhibited UV-induced chromatin relaxation, it can be concluded that the recruitment and binding of DDB2 to UV-damaged DNA is independent of chromatin remodeling at the damage sites.
Even though p38 MAPK affects the recruitment of NER factors XPC and TFIIH, p38 MAPK itself was not found to co-localize to the damage site (Fig. 5D) . Therefore, it is inferred that p38 MAPK does not physically orchestrate the events at or near DNA damage, but modulates repair of CPD by affecting downstream targets of its responsive signal transduction cascade.
DISCUSSION
MAP kinase pathways, including extracellular signal-related kinases (ERKs), c-jun N-terminal kinases (JNKs), and p38 MAPK, have been reported to be involved in NER in a number of studies. Activation of JNK upon UV enhances both the mRNA and protein levels of XPF and stimulates NER in mouse fibroblast (59;60) . Moreover, blocking JNK activity sensitizes tumor cells to cisplatin through modulating NER (61;62) . ERK has been shown to participate in NER through mediating induction of an essential NER incision factor ERCC1 by EGF in human hepatoma cells (63) . Although p38 MAPK is known to be involved in DNA damage response and negatively modulates tumorigenesis through apoptosis and cell cycle regulation, very little is known about its role in NER. In this report, we have demonstrated that p38 MAPK is a critical regulator of NER in response to cellular UV irradiation. In contradiction to a recent report that failed to observe an effect on NER by all three MAP kinase pathways (64) , our data provides multifaceted evidence for the integral role of p38 MAPK in the prompt repair of UV-induced photolesion CPD. We conclude that p38 MAPK mechanistically operates through chromatin relaxation and DDB2 degradation, which are essential for initial access and recognition factor recruitment during the pre-incision phase of NER. p38 MAPK and chromatin remodeling. In its native state damage inflicted upon DNA of living cells occurs primarily in the context of chromatin. Chromatin structure presents a demanding obstacle to the function of various DNA templated processes including DNA repair. Remodeling of chromatin through an elaborate and highly regulated multistep process allows access to protein nanomachines involved in DNA replication, transcription and repair. Localized modification of histone proteins is known to play an important role in chromatin accessibility to NER. In yeast cells, UV induced global hyperacetylation of histone H3 through histone acetyltransferase (HATs) Gcn5p was associated with the relaxation of specific repressed loci and enhanced efficiency of NER. Moreover, these histone acetylations and chromatin relaxation are independent of actual damage processing by NER (65) , suggesting that UV-induced histone acetylation and chromatin relaxation occur before NER and are associated with chromatin accessibility to repair complex. Similar findings were also reported in mammalian cells. A number of tumor suppressor proteins, including p53, ING1, and ING2, were found to enhance chromatin relaxation and NER through histone modification (35) (36) (37) (38) . Our data ascribes the chromatin accessibility function in NER to the activity of p38 MAPK. We have shown that chromatin relaxation in response to UV irradiation treatment depends on normal p38 MAPK activity. Furthermore, p38 MAPK is indispensible for UVinduced acetylation of histone H3 at lysine 14, but does not have an effect on acetylation at lysine 9 and 18 ( Fig. 3B and 3C) . Nevertheless, the mechanism through which p38 MAPK mediates UV-induced H3 acetylation is not yet established. It is known that p38 MAPK mediates UV induced histone H3 phosphorylation at serine 10 (39) (Fig.  3D) . However, the function of this histone modification in NER is not elucidated. A number of studies in vitro have shown that several HATs have strong preference for H3 with phosphorylated serine 10 over unmodified H3 (66;67) . In vivo studies also reveal dynamic interplay between H3 acetylation and H3 serine 10 phosphorylation (66;68). Based on the data presented here, we reason that p38 MAPK regulates H3 acetylation through phosphorylation of H3 at serine 10 in response to UV irradiation to evoke chromatin relaxation.
XPC and DDB2 are essential DNA damage recognition factors for GG-NER and the recruitment of these two factors to the damage sites is a prerequisite for the subsequent events of repair. Since XPC has been shown to have lower affinity for nucleosomes than for naked DNA (69), relaxation of the chromatin may facilitate the recruitment of XPC to the damage site. Thus, it is plausible that the impaired localization of XPC to the UV induced damage site is partially due to rigid chromatin conformation induced by the suppression of p38 MAPK (Fig. 5A) . Interestingly, however, the binding of DDB2 to the chromatin was tighter after UV irradiation and it was not affected by p38 MAPK regulated chromatin remodeling (Fig. 5C ), indicating that the recruitment of DDB2 to the damaged chromatin may not require chromatin relaxation. However, since the repair of 6-4PP was not affected by p38 MAPK activity, we cannot rule out the possibility that in cells treated with p38 MAPK inhibitor DDB2 was recruited to 6-4PP lesion but not CPD damage sites. p38 MAPK and DDB2 degradation. An interesting and novel finding of this study is that p38 MAPK is intimately involved in UV-induced DDB2 ubiquitylation and degradation (Fig. 4A, B and C) . What could be the mechanism through which p38 MAPK controls DDB2 ubiquitylation? We found that beside its role in DDB2 ubiquitylation, p38 MAPK activity is also required for serine phosphorylation of DDB2 independent of UV irradiation (Fig. 4D) . Crosstalk between phosphorylation and ubiquitylation has been widely reported (see review by Hunter 2007) (58) . Phosphorylation can either promote or inhibit ubiquitylation which can lead to proteasomal degradation. As for p38 MAPK, phosphorylation of ATF2 by p38 MAPK renders ATF2 resistant to ubiquitylation and degradation (56) . In contrast, p38 MAPK has been shown to phosphorylate cyclin D1 and cyclin D2 and trigger the ubiquitin/proteasome-dependent degradation of these two proteins in response to osmotic stress (54;55) . Based on our observation, we speculate that p38 MAPK facilitates DDB2 ubiquitylation and degradation by phosphorylating DDB2 at serine moiety. However, additional investigations are needed to clarify the specific site of serine phosphorylation by p38 MAPK and demonstrate whether this phosphorylation is indispensable for UV-induced DDB2 ubiquitylation.
Both in vitro and in vivo studies have shown that DDB2 breakdown through ubiquitin-proteasome pathway following UV irradiation is crucial for subsequent XPC recruitment and NER efficiency. Sugasawa et al. found that UV-DDB breakdown increases the binding of XPC to the damaged DNA using reconstituted NER component in vitro (57) . Moreover, interference with DDB2 proteolysis compromises the removal of UV induced CPD in vivo (22) . Therefore, the impaired recruitment of XPC and TFIIH to the UV induced damage site may partly be due to the reduced DDB2 degradation caused by suppression of p38 MAPK activity. p38 MAPK and 6-4PP. Despite its role in the repair of CPD, p38 MAPK does not seem to have an effect on the removal of another UV-induced DNA lesion 6-4PP (Fig. 2C) . As reported before, even though DDB2 has very high binding affinity for 6-4PP, it does not have a significant effect on the recruitment of repair complex to 6-4PP and repair of this UV lesion. In DDB2-deficient XP-E cells, XPC was able to bind 6-4PP but not CPD (17) , and the repair of CPD is profoundly reduced in XP-E cells, whereas 6-4PP removal is only moderately affected (10;70). Moreover, while DDB2 degradation is required for efficient repair of CPD, it does not affect the repair of 6-4PP (22) . Therefore, it is not surprising that p38 MAPK, which is critical for UV-induced DDB2 degradation, is not required for the repair of 6-4PP. Moreover, p38 MAPK regulated chromatin remodeling also does not affect the removal of 6-4PP perhaps because 6-4PP itself induces a significant DNA helix distortion and may be more accessible to NER factors without any accompanying chromatin relaxation.
In summary, we have found that p38 MAPK facilitates NER through promoting both UVinduced chromatin relaxation and DDB2 degradation as outlined in a proposed model in Fig. 6 . In response to UV irradiation, DDB2 is recruited to the damaged DNA sites independent of p38 MAPK activity. p38 MAPK is promptly activated by UV irradiation which helps enhance the DDB2 ubiquitylation possibly through phosphorylating DDB2. Consequent degradation of DDB2 invokes the recruitment of XPC needed for continuation of repair process. In tandem, activated p38 MAPK also helps open up the condensed chromatin through increasing histone modifications, e.g. histone H3 acetylation and phosphorylation, and renders UV lesions accessible to NER factor assembly. Thus, the welltimed recruitment of XPC engineered by chromatin relaxation as well as DDB2 degradation ensures efficient NER.
The abbreviations used are: p38 MAPK, p38 mitogen-activated protein kinase; CPD, cyclobutane pyrimidine dimer; 6-4PP, pyrimidine-pyrimidone (6-4) photoproduct; DDB, damaged DNA binding protein; NER, nucleotide excision repair; GG-NER, global genomic NER; TC-NER, transcriptioncoupled NER; UV, ultraviolet. 2 and further cultured in the same medium for indicated time periods. Cell lysates were analyzed for phospho-MK2 levels using Western blotting. Lamin B was detected as an internal control. B, C. Effect of p38 MAPK on removal of CPD or 6-4PP. OSU-2 cells were cultured in serumfree medium for 48 h before the start of different treatments. Cells were treated with SB203580 (10 μM) or DMSO for 30 min and then UV-irradiated at 10 J/m 2 and allowed to repair for indicated times in the same medium. Identical amounts of genomic DNA were subjected to ISB analysis and the amounts of CPD or 6-4PP at different times were detected with anti-CPD or anti-6-4PP antibody, respectively. The intensity of each band was quantified, and the relative CPD or 6-4PP remaining in different samples were calculated based on the initial CPD or 6-4PP formation. Data presented in the graph on the right indicate the Mean ± SE of the relative CPD or 6-4PP remaining from three independent experiments. *; Significant difference between DMSO and SB203580 treated cells, p < 0.05. Fig. 3 . p38 MAPK is involved in UV-induced chromatin relaxation. A. Cell cycle distribution. OSU-2 cells grown in complete medium (top) and serum free medium (bottom) were analyzed by flow cytometry for cell cycle distribution. B. MNase sensitivity in UV irradiated cells. OSU-2 cells were serum starved for 48 h and then treated with DMSO or SB203580 for 30 min. Cells were UV irradiated at 200 J/m 2 and cultured for additional 30 min before nuclei isolation. MNase digestion and agarose gel electrophoresis was conducted to determine the extent of chromatin relaxation. C. Histone acetylation levels in response to UV irradiation. Growth-arrested OSU-2 cell were pre-treated with DMSO or SB203580, UV irradiated at 20 J/m 2 and allowed to repair for indicated time periods. Whole cell lysates were subjected to Western blotting and acetylated histone H3 were detected with anti-AcH3 (K9, 14), anti-AcH3 (K14) or anti-AcH3 (K18). Actin in the same gels was detected as loading control. D. Histone H3 phosphorylation upon UV irradiation. Growth-arrested OSU2 cells were treated as described in (C). Anti-p-H3 (S10) antibody was used to detect phosphorylated H3 (S10) level in the whole cell lysates. 
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